Because of the extensive hydrolysis of dietary proteins in the rumen and the attendant wastage of nitrogen which is absorbed as ammonia across the rumen wall and excreted as urea in the urine, the ruminal synthesis of bacterial and protozoal proteins has a special importance in the nutrition of the ruminant. This paper considers the factors influencing microbial protein synthesis in simple in vitro systems and examines the problems of quantifying the effects of nutrition and other factors on protein synthesis in the rumen.
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tinuous culture systems, with dilution rate. If a low dilution rate or some other environmental factor impairs growth, the energy used for maintenance by the organisms becomes a significant part of the total energy expenditurc (Pirt, 1965) and the efficiency of utilization of energy is reduced. Protozoa are probably less efficient than bacteria in protein synthesis and are more susceptible to nutrient deficiencies. Their ability to interconvert or synthesize amino acids is very limited (Abou -4kkada & Howard, 1962; Coleman, 1967a,b; Wallis & Coleman, 1967; Coleman, 1969) and they need purine and pyrimidine bases for nucleic acids (Coleman, 1968) . I n mixed cultures they engulf bacteria and release the N which is not incorporated into protozoal proteins back into the medium (Coleman, 1964; Coleman & Hall, 1966) , where it may be used to synthesize new bacterial protein. This process itself must be energetically wasteful but its actual effect is difficult to assess because the incorporation of bacterial protein into protozoa is fairly efficient and engulfment may increase the effective dilution rate of the system and improve the efficiency of bacterial growth.
Synthesis of microbial protein in the rumen
Protein synthesis in the rumen will be influenced by the factors which are important in vitro : nutrient supply, microbial population and culture conditions. However, any detailed analysis of the process is prevented by the technical problems of obtaining meaningful measurements of bacterial and protozoal synthesis, and by the complexity of a system in which the microbial population, culture conditions and supplies of energy and other nutrients can fluctuate widely with time.
Methods of investigation. The determination of bacterial and protozoal proteins in digesta in the presence of partially degraded dietary protein is a major technical problem. A wide variety of techniques has been used to distinguish between food and microbial proteins including differences in their solubility, lysine and organic phosphorus contents (see Ibrahim & Ingalls, 1972) ; determinations based on microbial nucleic acids (Ellis & Pfander, 1965; Smith tk McAllan, 1970) and on the incorporation of 35S or I6N into the microbes have been developed (Pilgrim, Gray, Weller & Belling, 1970; Mathison & Milligan, 1971; Harrison, Beever & Thomson, 1972) . These methods suffer because they do not readily separate the bacteria and protozoa and even where physical separations have also been used there must be reservations about their application to the partially disintegrated microbes found in the post-ruminal stomach and duodenum. Bacterial and protozoal proteins have been determined using a-E-diaminopimelic acid ( x-E-DAP), an amino acid found only in the bacteria, and amino ethyl phosphonic acid (AEP), which is present only in protozoa (see Ibrahim & Ingalls, 1972) . T h e need to allow for differences in concentration of these marker acids between microbial species has been stressed elsewhere (Hutton, Bailey & Annison, 1971 ) but there may be more fundamental objections to their use for measuring protein synthesis from the flow of protein from the rumen. The fate of K-E-DAP from bacteria which are engulfed by protozoa is not clear, although the acid is not incorporated into the protozoal protein, and the significance of bacterial degradation of dead or ruptured protozoa is unknown.
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Nitrogen utilization by the ruminant 87 Nutrient requirements. Kutrient requirements vary with the microbial species, and the types and numbers of organisms are influenced by the diet and by conditions in the rumen (Hobson, 1972; Thomas & Clapperton, 1972) . With natural diets containing adequate vitamins and minerals for the host animal the elements most likely to be deficient for the microbes are N and possibly sulphur, although there could be growth factors in food for which microbes have a special requirement. As the crude protein content of the diet is reduced, or where the N is largely nonprotein, microbial synthesis may be limited by amino acids or fatty acids, the carbon skeletons of which are needed for the synthesis of valine, leucine, isoleucine, phenylalanine and tryptophan (Chalupa, 1968) . T h e concentrations at which nutrients become limiting are not clearly defined and definition may be prevented because of changes in the composition of the microflora with changes in nutrition. This effect should tend to maximize protein synthesis but, because other factors also influence the microbes, a species of organism may be retained in the rumen despite deficiencies in its nutrition.
Energy requirement. The energy available to the microbes will vary with the amount of food fermented and the A T P produced. Quantitative aspects of digestion in the rumen have been reviewed elsewhere (Thomas & Clapperton, 1972) and there are several detailed considerations of the calculation of A T P production (Walker, 1965; Baldwin, 1,ucas & Cabrera, 1970; Forrest &Walker, 1970) . However, it should be pointed out that such calculations involve much greater assumptions about the yields of A T P from particular metabolic transactions than are involved in simple in vitro systems with a single bacterium. If ATP production from carbohydrate is calculated by the method of Walker (1965) but allowance is made for ATP produced by methanogenesis, ATP yieldsimol hexose fermented vary by only about I O~/ " between the extremes of fermentation pattern observed in the rumen. If, however, the production of propionic acid is linked to a more efficient synthesis of ATP, such as that indicated for Selenomonas ruminantium (Hobson & Summers, 1972) , ATP production will vary appreciably with fermentation pattern.
Nutrient balance. Since all nutrients are not released from the food at the same rate and since the waste-products of one organism are the substrates for another, nutrient supply to a particular microbial species can vary widely after feeding. Maximum use of ammonia, derived from non-protein N sources, occurs when carbohydrate fermentation takes place at the same rate as ammonia production (see Blackburn, 1965) , and the storage of polysaccharides by bacteria and protozoa may play an important role in synchronizing the supplies of energy and other nutrients, especially N which may be absorbed from the rumen and then recycled.
Estimates of synthesis in vivo. Despite the difficulties involved, in recent years a considerable effort has been directed towards measuring protein synthesis in the rumen. T o allow for the effect of energy on microbial growth, the amount of protein produced has generally been expressed as a function of either the organic matter (OM) apparently digested in the rumen, i.e. the OM 'disappearing' between the food and the duodenum (see Thomas & Clapperton, 1972) , or of the OM truly digested, i.e. the OM 'disappearing' plus the OM incorporated into the microbes.
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T h e latter method is more correct and facilitates calculations of ATP production but the former is more precise and has a wider application where information on the O M incorporated into bacteria and protozoa is incomplete. Assuming YATp is 10.5 and ATP is produced, as calculated by Walker (1965) , and by methanogenesis, energy-limited bacterial synthesis corresponds to about 27 g bacterial Njkg OM truly digested or to about 36 g N/kg O M apparently digested. Detailed information on the production of microbial protein is limited but a large number of experiments have been done to determine the flow of total protein from the rumen in sheep fitted with omasal, abomasal or duodenal cannulas. From 50 to 80% of dietary protein is thought to be degraded in the rumen (Smith, 1969) and therefore the flow of total protein should reflect microbial synthesis. For high-protein diets N flow is high and presumably reflects the presence of undigested dietary proteins. For normal and low-protein diets, and particularly for cereal diets, flows are much more variable and in several instances values are less than could be produced by the bacteria alone. Whether this inefficiency is due to nutrient deficiencies or to other factors is not clear.
Hume and his colleagues, in an excellent series of experiments using minimal protein diets containing urea and given in frequent mcals throughout the day, have examined the effects of nutrition on protein synthesis. For diets containing 35, 63, 120 and 216 g crude protein/kg O M the microbial N flowing from the rumen was respectively 17-9, 19.6, 22.4 and 25.3 g/kg O M apparently digested (Hume, Moir & Somers, 1970) . It was interesting that ruminal digestion of OM was similar with all diets, implying that only microbial anabolism was impaired by N deficiency. I n further experiments (Hume, 1970a,b; Hume & Bird, 1970) , the rate of protein synthesis was increased progressively through dietary additions of branched-chain fatty acids, soluble proteins, or soluble proteins+sulphur. Rates equal to those of about 36 g N/kg OM apparently digested were recorded [see Fig. I ) and with diets containing casein and zein rates were even higher, although these may reflect contamination of the microbial protein fraction with small amounts of undigested dietary protein. Similar rates of about 36 and 28 g N/kg OM apparently digested have been determined by Mathison & Milligan (1971) using a I5N method in sheep 'continuously' fed diets of barley or of hay.
Walker & Nader (1970) have also measured synthesis isotopically but with 35S and in animals given a forage ration once daily. Under these conditions synthesis declined to a minimum at about 8 h after feeding and then increased towards the next meal ; there were complementary changes in the concentration of polysaccharide in the microbes. Over 24 h, the average rate of synthesis corresponded to about 30 g N/kg OM apparently digested but the maximum rate was about 37 g Njkg O M apparently digested.
T h e relative contribution of bacteria and protozoa to the total microbial protein is difficult to judge and will clearly vary with the diet, Weller, Pilgrim & Gray, (1962) estimated that in sheep given hay diets, protozoal protein could vary from 5% of the microbial protein in the rumen 3 h after feeding to 40% 24 h after feeding. (1967a, b ; 1969, 1971) ; Weston & Hogan (1968a, b ; , 1972) . It is possible that the grazing habits of the protozoa encourage their movement from one undigested food mass to another and their preferential retention in the rumen.
T h e efficiency of bacterial protein synthesis has been estimated from the flow of a -e D h P from the rumen but in the absence of information on the protozoa these estimates may not be very accurate and in vivo values for Y, , such as those derived by Hogan & Weston (1970) may be misleading. T h e apparent efficiency of bacterial SYMPOSIUM PROCEEDINGS I973 synthesis (g N/kg OM apparently digested) in sheep given lucerne or red clover diets was increased by 20-35y0 by defamation (Lindsay & Hogan, 1972) and with other diets even larger differences might be observed. A summary of the results of determinations of bacterial protein synthesis from K-E-DAP indicates that for a range of twenty-seven diets the average bacterial synthesis corresponds to 32-1 g N/kg OM apparently digested but values vary between diets from 15.3 to 53-1 g Njkg OM 
